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ABSTRACT 


Kinetic studies on the 2 ^ (or H£) Cl^ alkali- 
chloride system has been one of the objectives of this 
investigation. It is carried out by means of trans- 
piration technique on a packed bed of the NaCl, The 
effect of time, temperature and pressure on the reaction 
rate is reported. Effects of presence of KCl in the bed, 
in weight percents, on the reaction rate has also been 
indicated. 

Fractional decomposition of Na2 Zr Cl^^ and Na2 
Hf Clg^ leads to the separation of the two elements 
Zirconium and Hafmium due to the differences in their 
stabilities. To achieve this, a reactor has been designed, 
fabricated and assembled. Definite operational data 
can be obtained by carrying out studies on this reactor. 



CHAPTER- ONE 


INTRODUCTION 

1,1 Gejaeral:- 

ZirconiuD ores always bavc Hafniun, usually froa 
one half to several percents depending upon the type of 
ntnerai, Iheft^e elenents are sinilar in nature and behave 
lifce isotopes of the sane elenent. This is due to the sape 
electronic structure of the two elenents and nearly equal 
ionic radii due to lanthanide contraction on the ionic 
radius of Hafniun, Thus during processing of ores these two 
elenents always renain together unless Hafniun is removed 
by special methods of seperation. Hafnium does not effect 
the ncchanical strength or corrosion resistance of Zirconium 
■However, when a Zirconium alloy is used in nuclear reactors 
as a cladding material of the fuel rods, even traces of Hf 
are very haariful as the element increases the neutron 
absorption cross section for some glments, 

V 

Bie usage of ^rylliua, Magnesiin ft ALuoinium is precluded 
due to their low melting points, Ihus it becomes necessary 
to use Zirconiua and^ reduce Hafnium to less than 200 ppm to 
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TAiiLB -1 Theinal neutron alssorption cross section of eleaents 
used as core construction tiaterlals ( Hafnlua as a 
a control rod naterlal ). 


Element Absorption cross section Melting point 

Cbart» (®C) 


Borylliun 

0*0.10 

1200 

M ague slim 

0.063 

6511 

Zirconiun 

0.100 

1045 

Alupinim 

0.230 

660 

Niobim 

1.1 

2415 

Iron 

2.53 

1539 

Molybdenun 

2.5 

2625 

Copper 

3 ^9 

1003 

Nickel 

4. 46 

1455 

Titanian 

5.0 

1725 

liafniiD 

105 .0 

2222 


Heference S.M, Shellon, Metallurgy of ZirconiiEi (Book), 
MfeGraw Hill Publication, 

* Barns is a unit for nuclear cross section 
1 Barn = 10 cn ^ 
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produce Zirconiio of nuclear grade. 

A very large nunber of techniques are available for 
renoval of Hafuiua,, These fall- aainly in two categories, 
viz, tlie physical nethods and the cheaical methods. Ihe 
foaner includes processes such as solvent extraction, 
fractional crystallization etc. These physical methods 
have been more sucessful, and therefore, are the basis 
of the industrial processes so far, Chemical nethods 
involving, cheaical re actions (usually involving various 
halides) have not yet been sucessfully exploited for 
production of nuclear grade Ziconiin, 

Solvent extraction process extensively used to day 
to remove Hafniua froa Zlrconiun is shown in a flow drawn 
in the fig. no, 1, Ttie first step in process is the pro- 
duction of Zr ( Hf) tetrachloride by high temperature 
gaseous chlorination of either Zircon- carbon conposites 
or Zlrconiun carbide previously prepared by the carbo- 
theiinic reduction of Zircon. The chloride is purified, 
often in the presence of reducing agents to yield a 
high grade anhydrous zlrconiun ( hafniun) tetrachloride 
^ aterial. The anhydrous tetrachloride is subsequently diss 
olved in an aquous nediun and the ccraposition of the resul 
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tins solution is adjusted with Large amounts of nitric acid, 
thiocynic acid, aanoniuo thiocynate and so forth in prepa- 
tion for the solvent extraction process* During the solvent 
extraction process the aquous Zr (Hf) hearing concentrate is 
repeatedly contracted with an organic phase such aS trlbuty^ 
phosphate in kerosene or uethyl isobutyl ketone (hexone ) to 
effect the seperation of the two elements* For either solvent 
extraction process, the Hafnium free Zirconium undergoes 
various precipitation-dissolution steps until it is finally 
obtained as hyirous airtjoaiua oxide precipitate which is 
calcined and subsequently chlorinated to produce the zi>:cc- 
niua tetrachloride feed for the krroll reactor* 

A chemical method proposed schematically for the sepe- 
ration of Zirconium- Hafnium, is based on the principle of 
the differences in the chemical stabilities of the complexes 
fomed between solid or liquid halides and Zr(Hf)Cl!^ , Beca- 
use Hafniio complexes are more stable than the corresponding 
zirconim compounds, more volatile Zirconium tetrachloride 
is rraoved with the vapour phase preferentially during disti- 
llation* 
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1*2 Ctiloro-haf nates and zirconates of. a lkali metals 


Hexachloro con pounds of zirconiuci and hafnluia of the 

general chenical fomula Mg ^ ^6* where M stands for allsali 

netals C Zi to Cs ) and X stands for zirconiun and hafnlua, 

have Tbeen identified in several phase d.3tagraas studies of 

2-8 

syst«ns, of the type MCI— XCl^ • Heactions leading to 
the fomation of double salts of alkali netals nay be written 


as J ■“ 

+ XCi^ 


= MgXClg 


( 1 ) 


Ihe systems NaCl-HfCl^, KCl - Zr Cl^, KGL-HfCl^ 


Csd- ZrCl^ and CsCl- HfCl^ were studied by Morozov and 
Sim- In-Chuzhu in alnost the entire composition range. These 
systems showed several common characteristics* In all the 
cases, two eutectics and a congruently melting compound 
Ti^XCl^®^ obtained. • ^ list of the Important features of 
this class of systems is given in Table II, Only those sys- 
t©as for which informations are available in the entire 
composition range are included in the table. 


The MCI- M2XCI5 por^io^j of such phase diagrams, in 
Particular, have received considerable attention in the 
recent past because of the technological Importance of the 
compounds, MgXClg* (Hiis region of the phase diagram is 



TABLE II » IMPORTAN'T PBATURiB OP SYSTIM MCI - XGl 
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is characterised by phases with relatively low vapour pressu~ 

res# The system therefore provides for a suitable electrolyte 

2 

for electrolytic extraction of zircohiun and hafnlua metal . 

The hexachloro compounds are also of interest from the point 
of view of separation of zirconium from hafnium, A suitable 
technique for seperation nay be developed based on the differe- 
nce in the theimaL stabilities of the hafnium and zirconim 
compounds. The theanal stability, which is characterised by 

the equilibrium vapour pressure of tetrachloride over these 

. 11 
compounds was first investigated by Morozov and co-worfcer . 

The vapour pressure data indicated increasing stabilities with 

increase in the ionic radii of cations of the reacting metal 

cholorides . The order of stabilities was found to be : 

CsgZrClg^ J^ZrClg 'yNagZrClg. The sane order prevailed for haf- 

• . 2 
mum compounds also, Durtrizac and Flangas confimed these 

findings later, 

1 ,-3 General description of alkrali chloride - Zr(Hf)Clf^ svatom 
Since the proposed scheme involved alkali chloride - 
Zr(Hf)caj^ systems a discussion of ©one relevant Infoimation 
reported in the literature would be appropriate. 
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10^18 

Luthra, Majundar, Bhat & Beddy investigated 

these systens to evolve a new process lor separating 

hafniipa Iron zirconiuo. The proposed aethod envisaged 

reaction between gaseous nixture containing ZrGl^ and HfCl^ 

and solid sodiua chLoride or poftassiuD chloride in a packed 

bed flow reactor* It was found that preferential formation 

of sodiiE hexachlorohafnate led to enricfament of gaseous 

1 

phase with zirconiua tetrachloride* Maizundar studied the 
effects of various paraaeters e,g. temperature, flow rate, 
particle size and bed length* The seperation efficiency 
^ , which is defined as 

Wt.- % ^rconium in l/P Hf inl/F 

was found to have increased by an increase in bed length 
and by decrease in particle size and flow rate of the gas. 
Temperature does not affect the seperatjjlon appreciably* 
Seperation coefficients higher than theimodynaaically 

possible were acheived in a number of runs* 

/ 

Kinetics of the reaction of yapours of ZrCl^ and 
HfCl^ together as a mixture and seperately with solid 
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11-13 

spheres of NaCl voere investigated "by Majuadar using 

gravinetry nethods.This was done by measuring the weight 
changes of sodiiaa chloride spheres using caliherated quartz 
springs* Fomulation of reaction mechanism was augmented by 
conducting inert markj^r experiments. The rate of formation of 
compounds e.g, Nag^rCl^ and NagHfCl^ , were studied as a 
function of tetrachloride pressure, temperature and particle 
size* Under siniLar conditions the reaction with HfCl^ was 
invariably found to be slower* The data obtained in kinetic 
studies was tested against various heterogenous solid-gas 
kinetic models. Of these models Carter-Vale ns i model, which 
is diffusion in the product phase controlled gave a consisten- 
tly good fit. The possible reaction mechanisms have been 
postulated in the light of pressure and temperature dependence 
of the specific rate constant and the marker experiments. On 
the basis of the experimental evidence, the transport of the 
chlorine io»s from the unreacted core towa3:^ls the outer 
product-gas interface appeared to be the most likely reaction 
mechanisms* It was presBoed that material transport -vioc^rcd by 

Vacancy mechanism* Both hexachlorohufnate and zirconate conforen 
to the sane reaction mechanism within the experimental range* 
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tfowcver, with the change in poLynorphic fom of the 

reaction product it was suggested that the reaction 
nechanisn also changed. 

Sone prelininary investigations on sinultaneaus 
fomation of hexachloro con pounds were also carried out 
Tby heating sodiuo chloride spheres with vapour mixture of 
zirconiuD tetrachloride and hafniun tetrachloride. In these 
experiments, additional investigations were perfoicied to 
ascertain the partial pressure of reacting gas mixture and 
the oonposition of the gas phase* Toteil pressures were 
deteininod hy separate experiments. 

17 10 18 

Boy , Bhat , and Heddy designed and fabricated 
an apparatus for kinetic studies by transpiration technique. 
They had investigated the kinetics of the reaction ZrCl^ 
vapours with particles of NaCl, KCl, and mixtures of these. 
It was shown that’ the reaction with pure KGl was faster 
than that with pure NaCl, 

Vapour prewsure measurements over ZrCl^ , HfCl^ , 

1 o 

NagZrGlg and NagHfClg ©impounds was carried out by Bhat 
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also nade theoretical calculation r fractional deconpo- 
sition and suhlination of compound Nag ZrCl^ , The calcu- 
lations were done for different gas flow rates, different 
initial coapositions of the vapour and for different final 
conpositions of the vapour* It w^ shown that 
increase in solid flow rate and decrease in gas flow rate 
decreases the nuaher of plates necessary to achieve any 
predete mined seperation. 


Id 

Reddy " further extended the neasurenents and 
detemined the relative stabilities of hexachloro con pounds 
of Potassiun, Rubudiun & <3e.siici. Reliability of consistant 
pressure neasurenents was obtained by using the tin isoteni- 
scope, Bowever Siane pressure data for sone conpounds differs 
significantly fron thP'se available in the literature. But it 
was generally proved the zirconates for alkali netals were 
nore stable than the corresponding hafw».tes. 

Kinetic studies conducted involving flow of tetrachlo- 
ride gas ( ZrC^ ); through packed beds indicated that initial 

stages of the conpound foxnation reaction nay be understood 

19 

in terns of Jander^s • Model for gas solid reaction. 
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Conparitively snaller values of rate constant as obtained 
fron the data, indicated that the mcchanisuta of the 
reaction in the initial stages nay be different froa that 
prevalent in the later stages. The rate constant values 
however indicated that any schene based on fractional 
sublination of hexachloro hafnate zirconate nixture oust 

make provisions for increasing the reaction rates by using 
higher pressure and tenperatures , snaller particle sizessetc. 

1*4 Ain of the present work 

The aln of the present investigations was 
twofold. Firstly it wag to substantiate data on the reaction 
of ZrGl^ Vapours with a bed of sodiun chloride particles as 
a function of tine pressure and tenperature. The study ained 
at collecting sufficient relevant data to establish the rate 
and the nodel of reaction nechanisn under various experiment- 
al conditions for use in the operation of a reactcr designed 
for use in Zr- Bf seperation. The second ain was to actually 
fabricate the reactor whose basic design was finalised by 
Beddy, Begarding the first ain, particular enphasls was 
laid on reestablishing the rate of reaction of ZrCl^^ with a 
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pacfced bed of NaCl & KCl particles as a function of the 
composition of the bed. Con positions at which unusually high 
reaction rates could be obtained were to be established 
clearly. 

The present report conprises of six chapters. After 
this chapter the next chapter 2 deals with theoretical consi- 
derations regarding the heterogenous gas- solid reactions and 
deals with mainly the kinetic aspects of the reaction of 
zirconium tetrachloride with alkali chlorides. This is then 
followed by the chapter on experimental procedures. Chapter 4 
gives the results and discussions. Chapter 5 gives, an engi- 
neering description of the reactor for the fractional subli- 
mation of ZrCl^, designed and fabricated in this laboratory. 
Chapter 6 summarises the main conclusions of the present 
investigations and lists some suggestions for future work. 

The thesis is concluded by a list of references. 



CHAPTER -TWO 


genera 

Novy catalytic gas>-solid reactions are of consideral>le 
industrial Inportance and are widely utllzed in chenical 
and ne tallurgical industries* Exadples are reduction of 
oxides, reduction of netal halides ( Kroll^s process), 
oxidation of netals, gasification of coal,etc*The reactions 
can be classified according to the phases in which the va- 
rious species occurs or by the mode of the reaction* They 
are also classified according to the nature of the product 
whether its a poreus or non porous* 

2*1 The alkali hexachloroz ir^nates and hafnates 

Under suitable conditions both zirconiun and hafniua 
tetrachloride react with each alkali chloride e.g, NaC3L, 

KGl, RbCl or CsCl to forn he xachlorocoo pounds of the type 
PlgXClg where M represents alkali cation and X either 
zirconiun or hafniun. In general the he xach loro con pounds 
represent highly stable foms of reactive tetrachlorides. 

When a nixture of the tetrachlorides of zirconiun 
and hafniun in the vapour stale ,1s passed through heated 
NaCl ( or any other alkali chloride) the vapour becones 
richer in zirconim as the reaction proceeds. Ctonsequently 
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the solid phase exhibits a higher hafniua content when coiap^ 
ared to the orginal vapour.Zirconiua and hafniici tetrachlorides 
react with alkali chlorides according to the following ?- 
2NaCl + ZrCa^ » Na 2 ZrCl 6 
2 NaCl + HfCl^ » NagHfClg 
The con pounds fom ideal solid solution. While the te- 
trachlorides are highly volatile, the he xachloro con pounds 
exhibits nuch lower pres sure s.lhus these con pounds nay he 
looked upon as stable foms of the tetrachlorides. In recent 
years several, investigations have been reported concerning 
the stabilities of these conpounds, the kinetics of their 
fomation, the phase diagrams and the physical properties. 

The hexachlorocon pounds are of interest in fused salt extra*’ 
ction in view of their stabilities which are further enhan- 
ced by dissolving then in alkali chlorides. But such solu- 
tions are not always thejnally stable and losses of the 
volatile tetrachlorides through distillation nay present 

problems, Also the deposits obtained are usually dendritic 

20 

or a loosely adherent netallic powder, Flengas and Pint 
have investigated various factors in selecting a potential 
fused salt raedia for zirconim and Hafnito extraction and 
have studied the stability of some of the he xachloro comp- 
ounds of zirconliD and hafniua • According to them, solutions 
of these conpoimds in alkali chloride melts suitable for 
yin open electrolytic cells under inert atmosphere. 
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The MCI- MgZirClg and MCI- are related by 

sSnple eutectic type of phase diagraas which clearly indi- 
cate the stability of the congruently nelting chloro comple- 
xes* Thas at a given temperature, a decomposition equilibrium 

MgXClg = 2MC1 + XCl^ (1) 

(s, 1, or sol,), (s, 1, or sol.) 
establishes higher equilibrium pressures of ZrCl^ over the 
tetrachloroziic onates than that of HfCljj^ over the tetrachlo- 
rohafnates* It is thus possible to achieve a thenaodynamic 
seporation of zirconium and hafnium, 

A typical £3iase diagram for the system MCl-XCl^ is 
shown in the figure 2a. The compound rich side of the sub- 
system MCI- MgXClg is of special interest here. The corres- 
pondence between the pressure temperature plots and MCl- 
MgXClg phase diagrame is obtained from the following 
cons iderations • 

The equlbibriua vapour pressure of the tetrachloride 
is detemined by the decomposition reaction for which the 
equilibrium constant is 

X P 

® MCI ^ xa,. 

e: « 2 

Wiere •a* is the activity with respect to the pure, solid at 
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the standard state and *P* the partial pressure of the tetra- 
chloride in the gas phase. 


Since there is no solid solubility, the equilibriua 
constants equals the partial pressure below the eutectic 
teaperature and is given by the Vant Hoff relationship 


d in f d (1/T) = / R 


R 


( 3 > 


where tk is the standard heat of reaction ( assutaed 
constant over a United range ), the plot of log 
versus recipirocal of temperature would be linear. The pre- 
ssure values are also independent of the composition of 
MCI - MgXClg mixture in this temperature range because 
the pressure over the alkali chlorides are negligible. 


®ie second region of interest includes all compo- 
sitions in MgXClg side of the eutec^tic, defined the 
corresponding eutectic temperature Tg, and the llquldus linow 
In this region solutions of MCI and MgXClg and 
with respect to MgXClg Solid i.e, is always unity, 


therefore 


“^XCl 


w 


2 

tel 


The pressure v«iJ.ues should therefore increase more 
rapidly, once the eutectic temperature is exceeded because 
th«ir is always less than unity 


For all the solutions Just above the eutectic terape- 



20 


raturej^Q-j^ has connon value, naaely, the activity of MCI 
in the MCI- MgXClg eutectic coaposition. As the teaperature 
is increased along the liquidus line. The trend 

is again connon for all compositions upto the liquldus tempe- 
rature. Thus for all compositions in the subsystem MCl-^gXCl^, 
the pressure - temperature plot has a common trend upto the 
llciuidus line. 


Beyond this liquidus temperature the system at any 
ccnposition is described by an htaaogenous solution of 
MCI - MgXClg and by XCl^ vapour. The equllibrlua vapour 


pressure of the tetrachloride is now given by 


XCl, 






( 5 ) 


MCI 


The pressure cuive will undergo a decrease of slope 
because of the introduction of a „ tem. More over 

P XCl vary with temperature mostly due to the 

Variation of K, The pressure temperature curve would be 
again linear over small temperature ranges above the liquidus. 


Differentiating the free energy equation with respect 
to teaperature and combining it with Gibbs - Helmholty it 
is seen that 


din P 


XCl 




d (i/T) ^ 

Therefore the plot of log XCI 4 versus (1 /t)® K is again 
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linoar over a Italted teoperature range prevldefl the terns 
within brackets on the right hand side are snail conpared 
to£:I 3 ”jj , otherwise the line woma be curved. 


Considering the oonposltlons tj the MCI saturated 
side 01 the eutectic at Ti,> T XT^, , where Tj^ is the llquidus 
temperature, the iJiases present are pure solid. MCI In equl- 
librlno with a solution ol MaXcig, MCI and XCI4 vapour. In 

• this range 


and 


MCI 


« 1 


*’^^4 ® M2XClg 


For a given olxture, increasing the temperature to 
that above the eutectic would cause a decrease In slope of 
the pressure curve. The predicted shape of the oemon press 
ure curve representing the llquia„3 line for the phase 
dlagrai is given In the figure 2 (s) . as pressure lor 
llquidus line for MCI decreases as the solution become more 
dilute in MgXClg and eventuaUy r^^a^es were at the melting 
point of pure MCI, 


For temperature higher than the llquidus temperatures, 
equation (5) again becomes applicable and the pressure curves 
lor various compositions slope at the ccrrospendlng 

llquidus temperature as shown u curves 1 , 2,3 In the figure 

2 CTd), 
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The available infomation on the phase dlagraos in 
th'^se systOTs is suanarised in figure 3. The pressures 
over sone coai^ounds have been shown by Bhat^^j to be given 
by the following equations s 


Conpound 



ZrCl^ 

: log 

P 

Hfd^ 

: log 

P 

NagZrClg 

! log 

P 

NagHfCl^ 

i log 

P 


Equation Tterrgerature 

„ (torr) =- ^255 3> 6 ■^6,QO ( 2 i 0 -* 302 ) 

ZrClj^ f 

Hfa^ (torr) « -51l6.4 ^11.57(190-323) 

Na^ZrCl^(-do-)3 -7965.9 /I. 51 (439-646) 
(-do-)=-6l80i7 . 9.11(45-66 q> 


2.2 Kinetic studies on Zr (or Hf)C3 .|,^ - NaCl s vs ten using 
single crystals 

The Icinetics of hexachloro con pound fomation 

is dependent upon a nvciber of factors viz. the tetrachloride 

gas pressure, tenperature, nature of the salt, tine of reaction 
21 

etc. Dutrizac studied the kinetics of hexachloroconpound 
fomation by the reaction of the tetrachloride gas at a 
given pressure with a single crystal of the salt at a 
given tenperature. 

The nethod consisted of neasuring the weight gain 
in the single crystal of the salt when reacted with the 
tetrachloride vapours. A schenatic diagram of the appare^tus 
used is given in fig. 4.Weight gain neasuroaents were done 
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at stipulated intervals of tine uaing a quarts spring fron 
which the single crystal was hung by neans of a fine platinun 
wire* The tetrachloride pressure in the system was kept 
constant by carefull.y maintaining the temperature of the 
bulb containing the tetrachloride, Sinilarily the temperature 
of the single crystal- was maintained constant at any desired 
tonperature. Condensation of the tetrachloride in the system 
was avoided by heating arrangements at proper places'. Before 
producing tetrachloride vapours it was absolutely necessary 
to evacuate the entire system otherwise the results could be 
misleading. Before the start of the experiment room temperature 
calibration of quartz spring was done in the following manner. 

Suitable weights were attached to the quartz spring 
balance and the change in total length of the spring was 
measured by a cathetomoter, 'Hie spring constant was then 
detemined. The room temperature spring constant had to be 
converted to the appropriate high temperature value using 
standard spring theory. 

Spring constant x E (gm/cn) = Iil*6 ( 7 ) 

where K® is approximately constant for quartz and G is 
the shear modulus of the spring material which is tempera- 
ture dependent. This simple equation with Horton*s values 
for the shear modulus of a function of temperature was then 
used to calculate the high temperature for spring constant. 



8ULB WITH ZrCi4 t, ^ . ^QUARTZ SPRING 
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Experinents with single crystals of sodiun chloride 
with zirconiua tetrachloride yielded certain interesting 
results* There was a parabolic relationship between weight 
gain and tine of reaction suggesting that the kinetics of 
the hexachl-oro con pound formation is diffusion controlled* 
Increases in the ta3peratt[|^ and the pressure of tetrachloride 
resulted in increased weight gain for a given tine of reaction. 
Ibis has connercial significance in the preparation of hexa- 
chlorozirconate or the chlorohaf nates* Also, since the reaction 
is found to be diffusion controlled, finer particles of 
sodiuD chloride and higher gas pressures should favour 
faster chlorozirconate and chlorohafnate fomation*. 

2*3 Einetic studies on Zr(orHf );C1 NaCn systea using single 

spheres . 

16 

Mazuadar has studied the kinetics of formation 
of double coo pounds, NagZrC]^'" using the principle of theiiao'- 
gravinetry in an all glass closed apparatus* A schenatic 
diagram of the apparatus is given in figure 5. The set up 
consisted of a vertical reaction chamber connected to a gas 
generating bulb containing solid tetrachloride (ZrCL^, HfCl^, 
or mixture of the two). The sodiin chloride SEbere w 
suspended from a calibrated quartz suspension spring into 
the constant temperature zone of the reaction chgDber* A 
seperately heated connecting tube led the vapours from a 
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heated hulh into the reaction chan her at a constant teapera- 
ture. Other heating arrangenent s were provided at j&roper 
places in the apparatus so that there was no condensation 
of the tetrachloride vapours. All weight gain measurenents 
were obtained using a quartz spring. Weight change was 
recorded by neasuring the change in sio’ing length viewed 
through a narrow adit in the refractory casing that^^lSrroun- 
ded the spring region of the apparatus, 

Maznodar*s apparatus was designed to study the effect 
of paraaetera such as reaction teaperature, gas pressure and 
sphere size on the rate of fomation of hexachlorocoiapoimds , 
Inert narker experinents were also carried out to aid the 
kinetic analysis. His experinents showed that the kinetics 
was essentially a product phase transport controlled process. 
The kinetics of fornatlon reaction were found to be nore 
favourable at higher gas pressure and higher reaction teapera” 
ture and snaller sphere size. He also studied the rate of 
reaction of HfCl^-^ 2rCl^ vapour mixture with NaCl spheres 
and showed that the reaction is controlled not by kinetic 
factors but by the exchange reaction 

NagZrCl^ + HfCl^ =* NagHfClg + ZrCl^ (o) 
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2*4 Reactions involving Non-porous product 

Solid gas reaction nodels essentially are rate 
equations expressed in teitis of parameters which charact- 
erize one or nore of the reaction steps viz.chenical reaction 
at the interface, transport through the solid reaction- 
product and the surrounding gas phase* The reactions nay 
Tbe under single or nultl step control, Ihe nanner in which 
reaction steps can he synthesized for building a represen- 
tative nodel prinariiy depends on the nature of both the 
product and the reactant solid l.e, the extent of porosity. 
Figure 6 depicts the various situations that can be encoun- 
tered* A sharp interface maEjf* result lor both porous and non- 
porous product layer, figure 6 (a) , In this case the reac- 
tion steps leading to the product fcnatlon occur in series. 

Diffused reaction interface figure 6 (b), is often 
contended as the most general, nanner in \hiich heterogenous 
solid-gas reaction can take place* It has been argued that 
for porous reatant and product, and under the condition 
of nixed control, the reacting gas nay diffuse past parti- 
ally reacted solid particles. In other words, reaction nay 
occur in diffused Zone, where concentration gradient occurs 
both in the solid and the gas £$iase* 

The third possibility is occurance of the reaction in 
virtually honogenous nanner* If the poro«lty of the reactant 
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solid is very high, the reactant gas nay pemeate right into 
the central core. Under such circunstances the reaction tabes 
placa in the entire solid slnultaneously and a concept of a 
reaction interface virtually dlseappear as figure 6 (c), 

A large nun her of reaction nodels have been proposed 
to quantitatively, explain the kinetics of all the three 
classes of reactions# If the reaction product is non-porous, 
the resistance by the boundary layer nay be neglected as 
conpared with the solid product layer. If diffusion through 
the product is the rate Uniting step and the reaction inter- 
&,ceis plane, then the rate of chenical reaction i.e, the 
rate of thlckaning of the product layer is inversely jnropor- 
tional to the thickness 

^ = SHI (oV 

dt y 


where K* is the reaction rate constant and y is the thict- 
ness of the product layer. Integration gives 

y^ ^ 2K»t (la) 

This is the well known par*bolio IsJf* H 

solid is in the fom of a sphere the above Pau|bollO' law 

will not hold because the surface area for the reaction 

changes continuous!, yduring the reaction, A nunber of 

solutions have been proposed for sitoerlcal peirticles; 

Jander*s apXp^oxSnate equation, a slaplified equation due 

to Crank Gins t ling and Brounhsteln and Carter Valensi’s 
exact solution. 
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Jander’s solution 

Jander developed an approxSnate solution by 
using the equation of the parabolic Isj#. If r q Is the 
initial radius of the particles and is the density of 
the reactant, then the fraction re acted, P, will be given by 

P = - V3A(r^- 

V3?Vz^ /r 
l-CrQ- y)^ 

' ^ 

so y . |"l - ( 1 - P 

By substituting the value of y into the pajMboJk.le law 
equation we get 

[l - ( 1 - P 

where t is tiiae in hours. 

The Unitations for this nodel are that the equation 
is correct only if the volme of the unreacted core plus the 
volune of reaction product equals the volume of orginal na“ 
terial. Hiis holds approxluately at the initial stages of 
reaction. 

27—20 

Grante-Crlns tling and Brounsteln sippllfied model 

Ihese researchers developed a rate equation by taking 
a simplifying assinptioii that the volume change of the 
sample with tine is zdro. 
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Ihe ©filiation is 


m DC 

r 

= 1-2/3P~(1“F 

(14) 

oTi Fr^ 

= 1 - 2/3 P - ( 1 - P 



(15) 


where is the nolecuLar weight of reactant, D is the 
diffusion coefficient, C is the concentration of the reagent 
and^ is the stoichioDetry factor. 

This equation has been found to give better agree- 
nent than Jander’s equation but still it fails at higher 
percentages of reaction because it does not tate into 


account the change in volime of the sample with tine, 

/ 2 9^’*?2 

Carter Valensi^s exact solution ^ 

The exact rate equation was developed independently 
by the Carter and Valensi. Hie equation is ^ 

fl + ( Z - 1 I + Cz-i)(l-P ( 16 ) 

where Z is the swelling peraaeter and is the reaction 
rate constant* Hiis equation has been found to hold upto 


lOtO percent of the reaction. 



chapieh -thbee 


EXPERIMENTAL 


3,1 General. 

The ZrCl^Cg), HfCl^(g) - NaCl systen presents several 
experinental difficulties. Sone of these are as follows 

(i) Ihe vapour pressures these conpounds ( HfCl^ and 

SrCl^ ) are often very high. This pie eludes the use of open 

cell and necessiates the aaploynent of isolated vessels which 
nust he heated sufficiently to prevent condensation of the 
gas in the apparatus. The teaperature in the complete systen 
should he higher than the temperature of the bulb containing 
ZrCl^(s) or HfCl^Cs). If at any point the teaperature drops 
down below the bulb teaperature, condensation will occur and 
a pressure lower than in equilibriua with ZrCl^(s) in the 
bulb will be established in the system, 

(ii) All chlorocon pounds of zirconiua and hafnium are very 
hygroscopic and «bsorbed water cannot be removed without 
effecting conpositional changes in the salts. Purthe r, the se 
conpounds have high affinity for oxygen. Thus, all the 
handling aperations must be carried out in a dry box fitted 
with dry inert gas, 

(iii) These chlorides are highly corrosive in nature. 
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Hiis fact together with high reactivity of ZrCl^ and HfCl^ 
vapours towards oxygen and nolsture precludes the use of 
general corrosive n ate rials* 

(iv) The alkali halides are very hygroscopic. Unless 
the noisture is conpletely reaoved fron alkali halide saaple, 
the vapour ( Zrd^) nay react with it to fom a coating of 
oxychloride which nay hgpper the reaction rate* Ihis requires 
a prolonged heating of the halides in the vacuxia to renove 
noisture. Certain alkali halides are so hygroscopic that 
the noisture cannot he reaoved hy heating without ooapo»;l- 
tional changes. 

3*2 Transpiration technique 

This technique essentially consisted of passing 
the vapours of the tetrachloride over the alkali chloride 
particles with the help of a carrier gas. Essentially it 
allows for the reaction between the tetrachloride vapours 
and the alkali chloride Without allowing any condensation 
of the tetrachloride over the alkali chloride. A schenatic 
diagren of the apparatus is given in the figure 7. The 
technique as practised in the laboratory h^ certain 
special features with respect to the apparatus used. 

1. There is provision for purifying the carrier gas 
by use of associated gas train. 

2* The tenperature of the systm can be Adjusted so 
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as to get a definite partial pressure of the tetrachloride 
under the given experinental conditions* Hie teaperature 
of the alkali chloride can he naintained at any level. 

3 Etie excea^s tetrachloride vapours are allowed to 
condense in sejserate condensation unit froia where it can 
washed off. 

4. Ihe technique also has provision for allowing 
aeasureaents of the steichiocietry of the substance after 
reaction. 

The transpiration technique has wide applicability 
and its accuracy is often reported to be excellent, This 
technique can also be used to cieasure the vapour pressure 
of the volatile coapounds provided it is not very low. 

However, with proper design, even low vapour pressures 
have been neasured using this technique with fair accuracy. 

3*3 Description of the apparatus 

The apparatus as shown in figure 7 has the following 
distinct parts 

1. IRie gas train for purification of the carrier 
Argon gas. 

2. Ihe generating furnace where Argon is saturated with 
the tetrachloride vapours. 

3» The reaction chaaber wilh a conirtant temperature 
zone whore in the alkali chloride reacts with the tetrachloride. 
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4. The cleaning unit for cleaning out the condensed tetra~ 
chloride. 

Argon is purified by passing it through a calciuo 
chloride tower and over heated titaniun powder. Bie flowing 
carrier gas is saturated with tetrachloride gas vapours in 
a generating chaoher, the temperature of which is maintai- 
ned constant. The tetrachloride vapour then passes through 
the reaction chamber where it comes in contact wilh alkali 
chloride particles kept in a tube closed at its end by glass 
wool* Any organ gas, escapes through a sul iiric acid bubbler. 
The flow rate of argon gas is nonitered by a gas flow meter 
attached to the system immediately after the gas tfain. 

In order to obtain reproducible results in the 
experiments using transpiration technique, it is absolutely 
essential to specify the flow rate of the carrier gas and 
the gecnetry of the syst^. The flow rate must be suffici- 
ently slow to ensure that an equilibrium pressure of the 
tetrachloride vapour is established in the system. At very 
slow flow rate diffusive flow of vapour becoaes predominant 
than convective flow, which is not desired as it leads to 
uncertainities in the pressure of the tetrachloride gas. 

At very high velocities, on the other hand, the apparent 
partial pressure measured is low because of non-equilibrium 
conditions. Any predeteinined flow rate of the gas is ensured 
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by maintaining a constant liquid height difference in the 
aims of the flow meter* Tlie tetrachloride saturated gas 
flows through the system* The partial pressure can be cal- 
culated for each run in the following way 


3.4 


S^uppose the loss in weight of ZrCl^ = X in one hour. 


Number of modes of ZrCl^ lost 


X 


233.05 


= y cc ./ min. 


Let the flow rate of Argon 

Total number of moles of Argon passed= y 

„/___ f.- 1000 X 224 

Partial pressure (mm )’ = ^ x 760 (17) 

y 6a . ^ 


1000 x224 


233 ..05 


This experiment is repeated for different flow rates 


of the carrier gas. The results of these experiments are 
shown in £i _ isH+n thf> help of figure 8 the opti- 

mim flow rate of the gas is deteinined as also the tine 
allowed for the reaction* The rate employed in present set 
of experiments has been I76 cc/ min* and a reaction tine 
of one hour is chosen for the partial pressure effect runs. 


Distillation of Zirconiua Tetrachloride 


Before the stigrt of a set of runs the tetrachloride 
was distilled so as to remove impurities, if any. The dis- 
tillation apparatus consisted of a long one end closed pyrex 
tube attached to a vacuua line as shown in figure 9, 
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The tetrachloride wsis introduced inside the tuhe in a dry 
box under inert ataosphere of Argon* On top of this sone 
coppef filings were filled and f 3 *;.ally it was seperated 
fron being sucked in the systen by a licip of giass wool. 

This tube was then sealed and connected to a vacuua line, 

Hie sysien was then thoroughly evacuated at about l60°C 
with the teti:*achloride end being inside the furnace for 
about 20 ninutes to reaovetheg tseS ♦ Then this tube was 
further heated to 325®©* This resulted in vapourisation of 
the tetrachloride which condehsed ih the cooler regions of 
the tube exposed to the ataosphere. This distillate was again 
taken out in a dry box ahd redistilled once core and then 
filled in the pyrex glass^ bulb and sealed with wax. 

3.5 Expertaental Procedure in the transpiration technique 
Kinetic investigations with polycoystalline alkali 
chloride particles,, need standardization of the procedure to 
conparo the results of studies with different alkali chlorides 
or nixture of alkali chlorides. The following standard experi- 
nental procedure is ©aployed • 

The copper furnace was heat»d to 425 ®C while the tita— 
niud furnace was heated to The tenperature in the 

generating furnace was set at 30 ©'°^ while the reaction 
furnace was heated to 40 jQ;°C aPd thus nalntained for atleast 
two hours before the start of the experiments* 
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Having ensured that all the four furnaces were at the 
required tenperature, the entire gas train was evacuated upto 
50 nicron pressure and then the carrier gas was slowly adtaitted 
through it in stages so as to finally reach the reaction and 
condensation chambers* This flushing was continued for 2 hours. 
Flow rate of %gan was kept constant at i76cc/ain. during the 
pressure effect runs but varied during the tenperature and tine 
effect runs. 

SoliuD chloride particles were billed in a glass tube 
and closed tho endtfith glass wool plug. Hie length of the 
chloride bed was about 25 an. This tube was weighed enpty and 
after the NaCl filLing to deteinine the weight of NaCl, This 
tube was then pushed inside the reaction chaaber in the constant 
tenperature zone. Solid ZrCl^ was taken in a pyrex glass tube 
open at both ends but with ends plugged with glass wool and 
then placed in the constant tenperature zone of generating 
furnace after weighing, Ibaediately argon gas was admitted 
after being preheated in the gas train, ZrCl^ sublines at 
200 ®C and gives out ZrCl^ vapours which are carried away by 
the argon gasi. These vapours of ZrCl^ pass: through the bed of 
NaCl and react thereby to fom sodiio hexachlorozirconate , 

The reaction of ZrCl^ vapours with NaCl is continued 
for constant tine period during the pressure effect runs but 
varied for tenperature and tine effects. Also for tenperature 
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effects the tenperature in the reaction furnace was changed 
to 350°C, 400 °C ,and 450 “’C. Sinilarily for tine effects 
keeping the jjressure and temperature constant in hoth the 
generating and reaction furnaces, the period of the reaction 
was varied. 

After conpletion of every run, the ZrCl^ hulb was 
taken out and stoppered. The tube containing sodium chlo- 
ride was taken out and kept in a dessicator for cooling. 
After cooling both these tubes were weighed again to 
detemine the Ic^s nnd gain in weight respectively, 

For the weight gain experiments for NaCl-KCl mixtures 
the data was taken after a suitable mixture of these by 
v/eight percents was kept inside the reaction furnace and the 
procedure repeated with ZrCl^ bulb as above* 



aiAPTEH -FOUR 


RESULTS DISCUSSIONS 


PreLininary results showed that the extent of solid 
gas reaction under the conditions of the present investigations 
is very snail. For such Linited extents of reactions Jander*o 
hn.odel should he applicable for single spherical particles. 


For a IP d of ^n‘ particles, assuning each to he a 
sphere then each particle will react to the scae extent for 
a given set of conditions, Jander*s equation is 

fl- C 1 - F 3 ^ « Kj . t 

i.e, F = 1 - ( 1 

when 'n* particles react, we have F^ = Fg = F^,,, = Pn 

nP = n 1 - (Vl^rt P 

i.e, F = 1 - ( 1 - Kj,t (10 ) 

This equation indicates that the sane Jander*s equation 
is valid for a pacfeed hed also provided 

a) Each polygonal particle he assuned to he a sphere, 
h) The extent of reaction he so snail that each particle 
retains its identity and surface area. 


4,1 


Bs tahlishnent of a fixed P 


zrCl, 


in flowing gas stregp , 


Graph shown in figure 10 gives the weight loss 
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Iron a 2rCl^ filled bulbs versus for different priod of tine . 
Eacb point corresponds to an entirely Independent run. It 
should be noted th<»t the ZrCl^ filled bulb cannot be reins" 
erted once it has been taken out for weighing to neasure the 
weight loss. It also been observed that the ZrCl^ surface 
tends to becone inactive while in the process of being taken 
out without neasurable change in weight. The figure clearly 
shows that the rate of weight loss is alnost reproducible 
fron run to run and renains unifom at least as long as 
30 hours provided that the geexaetry of the systea, the flow 
rate of carrier gas and the tenperature of the bulb renains 
constant. It is therefore concluded that the partial pressure 
of ZrCl^ is uniquely defined by experinental conditions. 

4.2 Effect of tine 

The effect of change of tine on the reaction 

[]■-(/ -g) ''^7 ^ 

rate is shown in figure 11. The jnito varies linearly 

for very low extents of reaction and thus satisfies Jander’s 
no del. 

4,3 Effect of tenperature 

The effect of change of temperature of the 
reacting zone on the specific rate constant is shown in the 
figure 12, Here the Arrhenius type of equation relating the 
rate constant to the temperature of the reaction is plotted. 
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Froia the measured slope of the linear plot the temperature 
coefficient (apparent activation energy) of ZrCl'^ “ NaCl 
reaction in the temperature range 350®C-450'*C is computed in 

the figure 13. This measured to he 6,9 Kcal/^ole, Earlier 
Luthra and Mazumdar, using the single sphere technique 
obtained values of 9.9 and 7.5 Kcal./mole respectively in 
4-(t0~^0®C temperature range. 


Sffoct of pressure 


The effect of tetrachloride pressure on the rate 
of foimation of Na2ZrCLg is shown in figure 14. It suggests 
due to its linearrity, a power relationship between the gar- 
pressure and rate constants. Binpirically the pressure sf 
effect can be represented by 


K. 


:>c. 


,1/n 


(19) 


1 ' 

Where pressure coefficient 'n* has a value of 1,^ at 400°C 
for Zirconium, This value of n was obtained from the slope 
of the grap^l'.^int and Flengas had studied the effect of 
pressure and reported the zirconium reaction to follow 
1/2,8 power at ^SO^C and Luthra reported 'n' to be equal 
to 2,4 at 500 °C whereas Mazundar reports it as 1,98 at 450'’C, 
4,5. Effect of addition of po tassim a chloride : 

The weight gain effect for Kd and NaCl mixture is 
shown in figure 15.. One might expect a linea^' yariati^^lji^ 
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(.algebraic stKiuation), As in the case of Bhatj, the phenomenon 
is explained on the basis of overheating. It is attributed 
tothe exothermic nature of reaction for hexachloride formation 
thus leading to local overheating and consequent increase in 
reaction rate. Also overheating causes localized melting to 
produce liquids of uncertain compositions. In this case the 
gas reacts faster with material, Also it does not match with 
Hi at to the extent that in his case two peaks are found 
occur ing consequently whereas here the second peak appears 
at the KCl rich end. 

Figure 16 shows the diagraa for NaCl-KCl system. It 
is noted that the experiments are conducted at the temperature 
of 4(00 **0 for which the phase diagram does not show a complete 
solid solution throughout. But it is to note that the peaks 
are obtained both in the regions where there is a change over 
from the solid solution to the crystalline phase aid vice- 
versa# The system itself being a complex one and in absence 
of detailed infaimation of various compoiuids and solutions 
involved no definite explanation can be given. 

Even though definite conclusions cannot be drawn 
from the results with mixtures of polycrystalline particles 
a very important observation different from the earlier ones 
stands out as follows : 

il Small additions of KCa (upto 10 weight percent) 
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tn the NaCl ciixture increases the reaction rate coosiderahly. 

2) Saall additions of NaCl (upto 20 weight percent) 
to SCI nixture increases the reaction rate considerably. 

3) Hoaction rates are faster on the sodiue chloride 


rich ends 



CEAPIER- FIVE 


BEACTOR DESIGN AWD FABRICATION 

Wienever a mixture of the vapours of zircoulm tetrach- 
loride and hafnium tetrachloride is passed a bed of sodium 
chloride C or any other 4:hloride) the unre acted mixture of 
the vapour is enriched in zirooniun. This can he attributed 
to kinetically and energetically more favourable reaction of 
hafnium tetrachloride with sodium chloride. The free engergy 
changes for the reaction of these tetrachlorides with alkali 
chlorides also determine that this sepe ration is theimodyna- 
mically possible. Based on these arguments a reactor was 
designed, fabricated and assembled. 

Due to the reaction being heterogenous and extremely 
slow in nature, a continuous exposure of fresh solid surface 
to the gas phase, would help considerably in increasing the 
reaction rate. Further as the reaction is assumed to be 
difftision oonticlled, the stripping of the product 0iase 
from the solid phase would facilitate the contact of reactive 
vapours with the unreacted core of the solid. Both purposes 
e.g. continuous exposure of new surfaces of solids and conti- 
nuous runoval of the product iSiase from the unreacted core, 
is achieved by a screw conveyor reactor. In a screw conveyor 
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the screw shaft rotates continuously forcing the solid parti- 
cles to roll and collide all the tine* 'Hie path of movetaent 
is aLong the axis of the screw* 

5*1 Design details 

The reactor designed for the sepe ration is long 
tube of inconel. Three feed inlets are provided for either 
solid or gas. Hro of these inlets are at the flange ends 
and one in the niddle of the tuhe length* Hie inlet tubes 
are along the Length in a sinple row. To collect gas senples, 
four tubes as gas s«iple collectors are provided at an angle 
to the feed inlet and are spaced 30 oas* apart, 

A screw shaft, which rotates inside the reactor 
body, does the work for carrying the solid from one end to 
the other* The flow of the solids can be changed by reversing 
the direction of the screw shaft.sShlid sodium chloride can 
be fed at one end from a reservoir and the tetrachloride 
vapours are fed through the feed inlet along with the 
carrier gas argon. The unreacted vapours of the tetrachloride 
are allowed to condense in a conden«or cooled with running 
water. Hie solid flow through the reactor end^ in a sink 
through the outlet at the bottom end of the reactor. The 
solid flow rate is controlled by regulating the rotation 
of the screw whereas the vapour flow rate is controlled by 
argon gas flow rate as well as the t^iperature of the 


tetrachloride source. 
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Hie tetrachlorides toeing re actiye vapours, special care 
is taken to see that these vapours do not cone in, contact 
wilti Water vapour of the atmosphere. Hence, the entire re a" 
ctor is leak proof and the system does not come into direct 
contact wilh atmosphere. 

As far as possitole the tan pe nature inside the reactor 
is naintained constant along the length of the reactor toy 
properly providing the kanthal winding for heating along 
the surface length. The temperature profile is determined 
toy using a thermocouple along the length of the hollow 
tutoe of the screw shaft. 

The saaple collectors are designed to incorporate 
cold fingers as shown in figure 17. One of the cold fingers 
is for the feed inlets while the other one is for gas saaple 
collection. During normal operation no tetrachloride condenses 
on these. However, when, heating of the outlets is switched 
off aiid cold fingers are cooled by water flow, tetrachlorides 
are condensed easily. 

Feeding of tetrachloride is toy taking a standard 
toulto filled with a weighed quantity and pushed Inside the 
feed inlet and stoppered. As it suhlimates the vapours are 
carried along in the reactor toy the argon gas flow, maintai- 
ned through a gas train, at ri^t angles to the feed inlet. 
This eliminates any possltolllty of forced carry over of the 
tetrachloride particles. 
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5.2 Fal)ricatlon 

Variaus conponents of the whole reactor were 
fabricated separately and ass^enbled as per the drawing. 

5*2»1 Reactor 

The nain reactor shell is made of two inconel 
tubes welded together. The diaaeter is 64 do and the length 
between the flange ends is 900 on. The feed inlets are nade 
of stainless steel tubes 25 nn in diaaeter and 2^ inn in 
length. These are welded to the reactor body at right 
angles. The saaple collector are made of stainless steel 
tubes of 8 nn diaaeter and 150 mm long. These are joined 
parallel to each other, perpendicular to the reactor body 
and spaced 3Q0f mm apart. The angle between the feed inlets 
and the saaple collectors is 45 *. 

Braeis'< flanges having *0*“ rings to act as sealing 
gasket are used to close the ends of the reactor body. Also 
•Teflon bead^ is put into further prevent the escaped of 
gases duriJig operation* 

5.2.2 Screw Conveyor 

This comprises of a hollow stainless 
steel tube about 2,05, meters long and iOO mm in dimeter 
on which a plate is twisted in such a fashion as to fom 
a helical spiral around it which gives the movement like 
that of a screw. This screw is specially made from pieces 
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cut from stainless steel sheet of the size of 58 cm x 58 nn 
and 3*2 mn thick. In the centre of these pieces iO m dia- 
meter holes are drilled. Several of these squares are mounted 
on the mandrel of the lethe and nachnined to make then circu- 
lar discc of 50.5 nn diameter. Ihese discs are cut along the 
radius and subsequently turisted as to fora a helical fin. 
Sheso fins are then nounted on the central tube and then 
welded to each other. Also ends of each fin is welded to the 
neighbouring end. This is continued for 1.5 neters along 
the length of the screw shaft* The edges of these fins 
were again ground so as to fit inside the reactor shell. 

The shaft is hamered straight after welding length 

because of the bending due to heat. 

5.3 Assembly 

The screw shaft is fitted into the reactor 
and its flanged ends closed with *0* rings and Teflon beads. 
Hie central hole at the flanges through which the screw tube 
passes also has a a Teflon ring fitted so as to avoid escape 
of gases. Hie whole reactor rests on a stand by aeans of 
three clamps bolted in the base plates of the stand. 

The screw conveyor ends rest through two pluoner 
blocks which support and provide, the hearing aovenent for 
rotation. These bloclss are set upon two wooden blocks which 
arc fixed to the base stand. One of the ends of the tube 
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has & haadle fis©d so as to provide aaterial novenent at a 
very slow r*r»EUof the screw. 

Spcial heating arrangenents are pfrovided to the 
reactor so that reactions occur at high tenperatures along 
with no condensation of tetrachloride inside the reactor. 

The reactor winding for heating is done in four segnents. 

Two segiionts are between the flange ends and the two feed 
inlets and outlet. Ihe other two segnents are between 
those two feed ends and the centre feed inlet /outlet. 

All these segnents are electrically fed through seperate 
var iacs. The fcanthal heating elenent used is of 18 S^G, 
S^'?edish nake, Hie seople collecting tubes and feed inlet 
tubes being thinner in cross section are heated with ele- 
ricnts of higher resistance i.e, 28 SV/G of Nichroae. Each of 
these heating sections are connected through seperate variacs . 

The whole length of the re actor and the inlet and 
saople tubes were applied with a 2 ens thick layer of fire 
clas^ and corriinden paste so at to provide a refractory 
coating to the reactor. This layer is again covered by 
flexible asbestos sheets to provide an insulation against 
short circuiting. The heating elenent wo^nd over this an(f' 
then covered with refractory rope and cloth to reduce the 
radiation losses. A few extra rounds of wire heating elenents 
per linear length is provided near the saiple collector tubes 



64 


because of sono are of reactor being not accessible for 
winding due to elenent crossing and thus cod pins ate for 
heating loss. 

SuRgostions for experinental work 

The detemination for the feasibility of seperation 
of hafniian fron zirconluD depends upon a nunber of factors. 

All the conclusions drawn so far regarding this systen have 
to be incorporated when taking up the study on the reactor. 

The entire process of seperation depends on how fast equili- 
briun conditions are achieved which is dete mined the 
kinetics of the reactions .Ixperinents should be conducted on 
the systen to investigate the extent of reaction at the various 
stages of the reactor. For this, samples should be taken and 
analysed. This will help in assessing the extent of seperation 
acheived for any particular length of the *e actor. This in 
addition defines the length of reactor as equivalent to a 
certain nunber of stages. Also the analysis of sspples taken 
can dotomine the extent to which equilibriuD has been acheived. 

The following experinents should be p^'^foraed on the reactor. 
1, Fractional sublination of ZrCl^ using inert glass beads. 
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This "Will be a case of sublination without reaction 
equilibriun* 

2. Introduction of reaction eQuilibriua* For this ZrCl^^ 
sublination and reacting it with sodipo chloride particles. 

3. Fractional sublination with ejroluaive dependence on exchange 
reaction. I-isre Nag^rCl^ particles should he introduced and 
hafnim tetrachloride vapours passed, 

4. Exchange reaction between NagZrCl^ and Na ^HfClg particles 
can bo studied by allowing then to travel together witlji only 
carrier gas passing fron feed inlet. 

For kinetic studies following experinents should be 

conducted. 

1, Fixed vs flow rate should be established and a 

flow rate thus can be obtained at which low P^rCl 
attained. The change in pressure is incorporated by varying 
the temperature fron 200®G - 300®C, 

2, Studies can now be conducted for rate of reaction of 
NaCl Particles as a function of tine, tenperature of the 
reacthv and partial pressure at which tetrachloride vapours 


are generated 
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5. ^ lias been observed earlier, the reaction is accelerated 

by addition of 10 % by weight of pottassiin chloride, it 
should be confimed by actual experlnents and analysis of 
the seppLe, -Also this nay nove the operation closer to 
equilibriici conditions* 

Analysis of the samples is a difficult proposition 
because of the two elenents hafniua and zirconiun being 
sinilar in nature thereby having a very complex analytical 
process. Neutron activation analysis is conparitively exact 
one and this technique shouLdbe perfected for a more elabo- 
rate interpretation of the results. Preparation of sgpples 
obtained also is a area which requires a careful investi- 
gation, The tetrachloride gas is corrosive enough to cause 


ham to the apparatus 



CHAPTER - SIX 


CONCLUSIOI^' 

The present investigation shows that the kinetics 
of the reaction of tetrachloride vapours Zr(or Hf)Cl,with 
sodiun chloride particles can he understood in terns of 
dander’s aodel. ^kicordingly plots of versus 

tine are Linear for given values of tenperatures and particle 
siso. The dander’s rate constant isfound to vary linearly with 
pressure i.e. KjOl^P, 

As expected Kj tncre ascswith teaperature and the various 
curves follow the well known exponential relationship. The 
activation energy is approximately 7 Kcal./nole. These obser- 
vations are consistent with earlier work done in this laboratory. 

It is also shown that unexpected results are obtained 
for the reaction of ZrCl^ vapours with mixture of sodium 
chloride and pottassim chloride particles. Pure KCl reacts 
f •r Dore rapidly than pure NaCl. Bbwever reaction with mixtures 
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do not follow p2x»pDrtionall-y, Very high rates are obtained 
at about 10 Weight percent KCl and about 20 weight percent 
NaCl nixtures. 

A reactor has been designed and fabricated to acheive 


seperation of zirconiuD from hafniuo based on fractional 
decon position of the coni^ounds Nag^rCl^ and NagHfCl^. A 
continuous exposure of new surfaces of the reacting solids 
with vapours and a continuous renoval of product phase froa 
the unreacted core is acheived in this screw conveyor reactor. 
The reactor is an inconel tube having feed inlets and 
sanplo outlets. There is a screw shaft which rotates in the 
reactor with the help of bearings and thus exposes the solids 
to the vapours in the process of noving the solids froa one 
end to another. This assenbly is aounted on a stand. The re a- 
ctor is insulated and wound with heating coils. tJnreacted 
tetrachloride vapours flow out and condense in a condenser 
goolcdwith running water. Sodiun chloride noveaent cein be 
controlled by regulating the rotation of the screw and 
vapdjur flov; rate by the flow rate of carrier gas 


and tho teaperature of the tetrachloride source 
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